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The mosquitocidal properties of Bacillus thuringiensis subsp. israelensis and B. thuringiensis subsp.
morrisoni PG-14 are attributable to protein inclusions grouped together within a parasporal body. In both of
these strains, the mosquitocidal activity resides in proteins with molecular masses of 27, 72, 128, and 135 kDa.
In an attempt to determine the toxicity of each protein, the shuttle vector pHT3101 was used to express the
crylVD gene (encoding the 72-kDa CryIVD protein) from B. thuringiensis subsp. morrisoni in an acrystallif-
erous mutant of B. thuringiensis subsp. kurstaki. With this system, parasporal inclusions of the 72-kDa protein
were obtained that were comparable in size, shape, and toxicity to those produced by parental B. thuningiensis
subsp. morrisoni. The inclusions were bar shaped, measured 500 by 300 by 150 nm, and were easily visible with
phase-contrast microscopy by 16 h of cell growth. A 50% lethal concentration of 64 ng/ml for these inclusions
was determined in bioassays against fourth instars of Culex quinquefasciatus, which was similar to the 50%
lethal concentration of 55 ng/ml obtained for the 72-kDa inclusion from B. thuringiensis subsp. israelensis. In
contrast, expression of the cryIVD gene in Escherichia coli was very low and only detectable by immunoblot
analysis. These results demonstrate that the pHT3101-B. thuringiensis expression system can be used to express
the CryIVD protein in quantities and with properties comparable to that obtained with the natural host. This
system may prove useful for the expression of other B. thuringiensis proteins and, in particular, for
reconstitution experiments with inclusions produced by the mosquitocidal subspecies of B. thuringiensis.
Bacillus thuringiensis subsp. israelensis, a highly insecti-
cidal gram-positive bacterium, is used in the United States
and Africa to control larvae of mosquitoes and blackflies,
vectors of important human diseases such as malaria and
filariasis (15, 25). B. thuringiensis subsp. israelensis was
discovered in Israel in 1976, but, more recently, another
bacterium with a similar spectrum of insecticidal activity,
the PG-14 isolate of B. thuringiensis subsp. morrisoni, was
isolated in the Philippines (26). The toxicity of both of these
bacterial isolates is due to the presence of proteins with
molecular masses of 28, 72, 125, and 135 kDa (8-12).
The contribution that each protein makes to the toxicity of
the parasporal body is not well understood, but it appears
that two or more proteins are required and possibly these
proteins act synergistically to yield full toxicity (4, 19, 34,
35). Data in most of these studies indicate that the 27-kDa
protein is responsible for enhancing the toxicity of the other
proteins, but synergistic interactions between the 128- and
135-kDa proteins have also been reported (5). A recent
study, however, suggests that the 27-kDa protein contributes
little, if any, to the toxicity of the intact parasporal inclusion
(6).
A major problem in defining the toxicity of individual
parasporal body proteins is that, in most studies, the pro-
teins were purified biochemically and then assayed either in
a soluble form or after precipitation (3, 4, 20, 22, 34). The
level of homogeneity for individual proteins, therefore,
remains uncertain, and, furthermore, precipitation of the
proteins does not yield inclusions representative of wild-type
bacteria. This could be important in the accurate determina-
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tion of toxicity since bioassays depend on the ingestion of
the proteins in particulate form from suspensions by the
filter-feeding mosquito or blackfly larva. On the other hand,
where the genes encoding parasporal body proteins have
been cloned and expressed in alternative bacterial hosts such
as Escherichia coli (2, 24, 31-33), Bacillus subtilis (33), or
Bacillus megaterium (7), the levels of expression were
variable, and either the proteins remained in a soluble form
or the inclusions produced were not characteristic of those
formed by natural hosts (2, 7, 16, 24, 31).
To determine whether the problems encountered with
purity and physical consistency could be overcome by using
B. thuringiensis as an expression host for cloned genes, the
cryIVD gene (18) encoding a 72-kDa mosquitocidal protein
from B. thuringiensis subsp. morrisoni PG-14 was cloned
and its expression in E. coli and an acrystalliferous mutant of
B. thuringiensis subsp. kurstaki was compared by using the
E. coli-B. thuringiensis shuttle vector pHT3101 (23). The
CryIVD protein was selected because, when it is produced
naturally by wild-type subspecies, this protein forms bar-
shaped inclusions that can be isolated from the parasporal
body, providing a useful control for assessing the properties
of proteins and inclusions produced in our experiments.
Additionally, recent studies have shown that the sequences
of the cryIVD genes of B. thuringiensis subsp. morrisoni and
B. thuringiensis subsp. israelensis are virtually identical
(11), making the results obtained with the gene from the
former species relevant to the latter.
In this article, we report the results of our expression
studies which show that high levels of expression yielding
inclusions comparable to those produced by the natural host
can be obtained by using the shuttle vector pHT3101 and B.
thuringiensis as an expression system.
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MATERIALS AND METHODS
Bacterial strains, plasmids, and general methods. The bac-
terial strains used in this study were E. coli JM101 and an
acrystalliferous mutant (CryB), B. thuringiensis subsp.
kurstaki HD1, which was obtained from A. Aronson, De-
partment of Biology, Purdue University. The plasmid pMl,
which contains the cryIVD gene encoding the 72-kDa mos-
quitocidal protein of B. thuringiensis subsp. morrisoni iso-
late PG-14, has been described (12). The shuttle vector
pHT3101 (23), containing origins of replication in both B.
thuringiensis and E. coli, has Ampr and Emr as selectable
markers and a multiple cloning site in the lacZ gene. The
vector was obtained from D. Lereclus, Institut Pasteur,
Paris. Restriction enzyme digestion, ligation, and transfor-
mation in E. coli were performed by using standard proto-
cols (28).
Construction of the plasmids pCG1 and pCG7. The plasmid
pMl was digested with PstI, and the 5.6-kb fragment, which
contains the cryIVD gene, an associated gene encoding a
20-kDa protein (1) and a truncated cytA gene (encoding the
27-kDa protein), was separated on agarose and purified by
Geneclean (Bio 101, La Jolla, Calif.). The purified fragment
was ligated into a unique PstI site of pHT3101 and then used
for transformation in E. coli JM101. Transformants, which
were selected on Luria-Bertani (LB) agar containing ampi-
cillin (50 ,g/ml), erythromycin (25 jig/ml), 20 mM isopropyl-3-D-thiogalactopyranoside (IPTG), and X-Gal (5-bromo-4-
chloro-3-indolyl-3-D-galactopyranoside) (80 p,g/ml), were
isolated, and the size and orientation of the PstI inserts were
determined. Two transformants, pCG1 and pCG7, were
isolated. Both were 12.2 kb but contained the cryIVD gene in
opposite orientations to the lacZ promoter (see Fig. 1).
Transformation of B. thuringiensis. B. thuringiensis cells
were transformed by electroporation essentially as described
previously (29). Briefly, B. thuringiensis subsp. kurstaki
HD1 CryB cells were grown with shaking at 37°C in 100 ml
of LB medium to an optical density at 600 nm of 0.2. The
cells were washed once in 100 ml of 4°C water and resus-
pended in 1.6 ml of cold electroporation buffer (400 mM
sucrose, 1 mM MgCl, 7 mM NaKHPO4 [pH 6.0]) to a
concentration of ca. 10 cells per ml. Aliquots (400 ,ul) of this
cell suspension were mixed with 0.1 ,ug of plasmid DNA(pCG1 or pCG7) in 0.2-cm electroporation cuvettes (Bio-
Rad, Richmond, Calif.) and kept on ice for 10 min. Electro-
poration was performed in a Bio-Rad Gene Pulser apparatus,
which was set at 25 V±F and 1.3kV, and a Bio-Rad Pulse
Controller set at 200 Ql. The cuvettes were placed in a safety
chamber, and the pulse was applied once. After electropo-
ration, the cells were kept on ice again for 10 min. A 1-ml
volume of LB medium was then added, and the cells were
incubated with shaking at 37°C for 1 h. The cells were then
plated on nutrient agar plates containing 50 ,ug of ampicillin
and 25 ,ug of erythromycin, each per ml. Colonies were
analyzed by minipreps for the presence of pCG1 or pCG7.
Expression of the cryIVD gene. The E. coli JM101 and B.
thuringiensis subsp. kurstaki strains containing the plasmids
pCG1 and pCG7 were analyzed for expression of the cryIVD
gene by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and immunoblotting. For the E. coli
strains, overnight cultures with or without 1 mM IPTG
induction were used for expression analyses. The B. thur-
ingiensis subsp. kurstaki isolates CG1-1 and CG1-2 (trans-
formed with pCG1) and CG7-1 (transformed with pCG7)
were grown on nutrient agar plates containing 50 ,ug of
erythromycin per ml for 5 days at 30°C to ensure sporulation
and complete cell lysis. The bacterial lysates were isolated
by washing the plates with deionized water and sedimented
by centrifugation at 15,000 x g for 10 min. The pellets were
boiled with sample treatment buffer and analyzed by discon-
tinuous SDS-PAGE (21) by using 4.5% acrylamide (pH 6.8)
and 10% acrylamide (pH 8.8) as the stacking and separating
gels, respectively. After electrophoresis, the gels were
stained with 0.1% Coomassie blue R-250.
For immunoblotting, the proteins resolved by SDS-PAGE
were transferred to nitrocellulose for 16 h at a constant
current of 250 mA. The nitrocellulose was then probed with
rabbit antibody developed against either the purified intact
parasporal inclusion or the purified 72-kDa protein of B.
thuringiensis subsp. israelensis by using methods previously
described (14). Goat anti-rabbit immunoglobulin G-alkaline
phosphatase was used as the second antibody, and chro-
mogenic development was then achieved with nitroblue
tetrazolium chloride (1 mg/ml in H20) and 5-bromo-4-chloro-
3-indolyl phosphate (5 mg/ml in dimethylformamide).
Purification of the 72-kDa parasporal inclusion. B. thuring-
iensis subsp. kurstaki CG1-1 was cultured for 5 days on
nutrient agar plates as described above. The cells, most of
which had lysed, and the parasporal inclusions were washed
from the plate, sedimented as described above, and washed
once with 50 mM NaBr-10 mM ETDA. The pellet was
resuspended in water and sonicated (duty cycle, 50%; output
control, setting 5; Branson Sonifier) for 5 min on ice, and
then it was subjected to centrifugation at 20,000 rpm for 1 h
in an SW28 rotor by using a discontinuous NaBr gradient of
38.5% (4 ml), 41.9% (6 ml), 45.3% (6 ml), 48.9% (6 ml),
52.7% (6 ml), and 56.3% (3 ml) essentially as previously
described (19). The partially purified 72-kDa parasporal
inclusions were then recentrifuged in another discontinuous
NaBr gradient of 38.5% (5 ml), 40% (7 ml), 42% (7 ml), 44%
(6 ml), and 47% (1.5 ml) under the same centrifugation
conditions. The purified 72-kDa parasporal inclusions were
collected, washed several times with cold, deionized water
to remove all of the NaBr, and then resuspended in 10 mM
ETDA and stored at 4°C until needed. Intact parasporal
inclusion bodies from the wild-type B. thuringiensis subsp.
morrisoni grown on GYS broth were purified as previously
described (19).
Electron microscopy. Purified 72-kDa inclusions or the
intact parasporal bodies of B. thuringiensis subsp. morrisoni
were sedimented by centrifugation in a 1.5-ml Eppendorf
tube. The resulting pellet was dislodged from the tube
bottom, suspended in 250 ,ul of agar, and fixed for 2 h in 3%
glutaraldehyde (in 0.1 M cacodylate buffer [pH 7.4]). After
postfixation in 1% OS04 (in the same buffer), the pellet was
dehydrated in an ethanol-propylene oxide series and embed-
ded in Epon-Araldite. Ultrathin sections were cut on a
Sorvall MT-5000 microtome, stained with uranyl acetate and
lead citrate, and examined in a Hitachi 600 electron micro-
scope operating at an accelerating voltage of 50 to 75 kV.
Intact parasporal bodies of B. thuringiensis subsp. morrisoni
were prepared in the same manner.
Bioassays. The toxicity of each of the transformants was
determined against mosquito larvae. For E. coli strains
harboring either pCG1 or pCG7, 0.2 ml of an overnight
culture (5 x 1010 cells per ml) was added to 1.8 ml of distilled
water containing 10 second-instar Culex quinquefasciatus
larvae. The mortality was observed at 24 h by counting the
number of surviving larvae. Bioassays were performed in
triplicate.
The toxicity of purified 72-kDa inclusions from B. thuring-
iensis subsp. kurstaki strains containing either pCG1 or
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FIG. 1. Plasmid maps for the cloning of the 72-kDa protein from
B. thuringiensis subsp. morrisoni into the shuttle vector pHT3101.
The 5.6-kb PstI fragment of pMl, derived from B. thuringiensis
subsp. morrisoni PG-14 and containing the cryIVD and the 20-kDa
protein genes, was isolated and ligated into the PstI site of pHT3101.
Both orientations of the expected plasmid were isolated. The
plasmids pCG1 and pCG7 have the PstI fragment in the same and
opposite orientations relative to the lacZ gene, respectively.
pCG7 was assayed against fourth-instar C. quinquefasciatus
larvae. Briefly, 20 larvae were placed in 99.9 ml of distilled
water to which 0.1 ml of the parasporal inclusions was
added. To obtain a 50% lethal concentration (LC50), seven
different concentrations (20 to 800 ng/ml) of inclusions were
used, with four replicates per concentration. Mortality was
observed at 24 h, and LC50s were calculated by probit
analyses by using a Basic program (27). For comparison, the
LC50 of the wild-type, purified 72-kDa parasporal inclusion
from B. thuringiensis subsp. israelensis was determined as
described above. Controls consisted of larvae reared simi-
larly but not exposed to the bacterial toxin inclusions.
RESULTS
Constructs and analyses of crylVD gene expression. Two
plasmid constructs, pCG1 and pCG7, harboring the crvIVD
gene of B. thuringiensis subsp. morrisoni PG-14 in opposite
orientations to the lacZ gene, are illustrated in Fig. 1. E. coli
transformed with pCG1 or pCG7 expressed the 72-kDa
protein at very low levels such that expression was detect-
able only by immunoblotting (Fig. 2, lanes 4 and 6). The
expression of the cryIVD gene in E. coli was not inducible by
IPTG (Fig. 2, lanes 3 and 5). Furthermore, the 72-kDa
protein that was expressed was considerably less stable,
resulting in the formation of the 34- to 40-kDa proteolytic
fragments (Fig. 2, lanes 3 to 6). Control E. coli harboring
only the pHT3101 vector did not produce any detectable
protein of 72 kDa (Fig. 2, lane 2).
No toxicity was observed when larvae of C. quinquefas-
ciatus were exposed for 24 h to E. coli lysates from either of
the E. coli strains expressing the cryIVD gene. Control E.
coli harboring only the pHT3101 vector also displayed no
mosquito toxicity.
In contrast to the results obtained with E. coli, the
expression of the cryIVD gene was significantly higher in B.
1 2 3 4 5 6
FIG. 2. Detection of the B. thuringiensis subsp. morrisoni 72-
kDa protein gene expression products in E. coli by immunoblotting.
Rabbit antiserum developed against the 72-kDa protein of B. thur-
ingiensis subsp. israelensis was used for detection. Lanes: 1, pure
72-kDa inclusion of B. thuringiensis subsp. israelensis; 2, pHT3101;
3, pCG7 (IPTG induced); 4, pCG7; 5, pCG1 (IPTG induced); 6,
pCG1. Lane 1 was loaded with 50 ng of purified 72-kDa parasporal
inclusions, and lanes 2 to 6 were loaded with 40 ,ul of crude
overnight bacterial culture. The arrows indicate the products of the
72-kDa protein gene.
thuringiensis subsp. kurstaki. Strains CG1-1 and CG1-2,
transformed with pCG1, and CG7-1, transformed with
pCG7, all expressed the 72-kDa protein at approximately the
same level and at a level readily detectable by SDS-PAGE
(Fig. 3, lanes 1 to 3). The expression of the 72-kDa toxin is
independent of the orientation of the PstI fragment (Fig. 3,
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FIG. 3. SDS-PAGE analysis of the expression of the 72-kDa
gene in B. thuringiensis subsp. kurstaki CryB. Lanes: 1, clone
CG1-1: 2, clone CG1-2; 3, clone CG7-1; 4, CryB; S, standard
proteins. Lanes 1 to 4 were each loaded with 40 p.1 of crude
overnight bacterial culture. The arrow indicates the 72-kDa protein.
VOL. 58, 1992
 o
n
 January 14, 2020 at CIRAD
http://aem
.asm
.org/
D
ow
nloaded from
 
APPL. ENVIRON. MICROBIOL.
FIG. 4. Immunoblot analysis of the expression products of the B.
thuringiensis subsp. morrisoni 72-kDa protein gene in B. thuring-
iensis subsp. kurstaki CryB. Lanes 1 to 6 were probed with rabbit
antiserum developed against the intact whole parasporal inclusion of
B. thuringiensis subsp. israelensis, while lanes 7 to 11 were probed
with rabbit antiserum developed against the 72-kDa protein of B.
thuringiensis subsp. israelensis. Lanes: 1 and 6, intact whole
parasporal inclusion of B. thuringiensis subsp. israelensis (500 ng);
2 and 7, clone CG1-1; 3 and 8, clone CG1-2; 4 and 9, clone CG7-1;
5 and 10, CryB with pHT3101; 11, purified 72-kDa parasporal
inclusion from B. thuringiensis subsp. israelensis. Lanes 2 to 5 and
7 to 10 were each loaded with 2 p.l of an overnight bacterial culture.
The arrow indicates the 72-kDa protein.
lanes 1 and 3). Furthermore, the SDS-PAGE profile of the
cloned 72-kDa protein of B. thuringiensis subsp. morrisoni
PG-14 is similar to the profile of the NaBr gradient-purified
72-kDa protein of B. thuringiensis subsp. israelensis. B.
thuringiensis subsp. kurstaki CryB had no major observable
protein of 72 kDa (Fig. 3, lane 4).
After 5 days of culture at 30°C on nutrient agar plates
containing ampicillin and erythromycin, all three isolates
formed parasporal inclusions as sporulation neared comple-
tion, and generally only one inclusion was formed in each
cell. These inclusions were readily observed under phase-
contrast microscopy and formed in quantities sufficient to
form a distinct band when they were purified by NaBr
density gradient centrifugation.
Since the PstI fragment that was used to construct the
plasmids CG1 and CG7 contains a portion of the cytA gene
with its promoter, immunoblot analyses were performed to
detect the presence of the CytA (27-kDa) protein by using
antibodies prepared against the intact B. thuringiensis subsp.
israelensis parasporal inclusion. The 72-kDa protein was
observed in all three strains (Fig. 4, lanes 2 to 4); however,
in one strain, CG1-1, a 20-kDa protein was observed (Fig. 4,
lane 2). Only the 72-kDa protein was observed when the
blots were probed with rabbit antiserum developed against
the 72-kDa protein of B. thuringiensis subsp. israelensis
(Fig. 4, lanes 7 to 9). None of the 20-, 27-, and 72-kDa
proteins were detected in B. thuringiensis subsp. kurstaki
(Fig. 4, lanes 5 and 10).
Inclusion size and shape. Analyses of the recombinant
parasporal inclusions by electron microscopy showed that
TABLE 1. Toxicity of purified and cloned mosquitocidal proteins
to fourth-instar larvae of C. quinquefasciatus
Protein LC_o (ng/ml) LC95 (ng/ml)
B. thuringiensis subsp.
israelensis
Whole crystal 3.8 (3.5-4.2)a 15.5 (13.4-18.7)a
72-kDa inclusion, puri- 55 (45-67) 194 (133-290)
fied
B. thuringiensis subsp.
kurstaki, CryB, iso-
late CG1-1
Crude bacterial culture 549 (342-1,092) >10,000
Cloned 72-kDa inclu- 64 (48-84) 247 (140-443)
sion, purified
"Values in parentheses indicate fiducial limits. Confidence level, 95%.
they are similar, if not identical, in shape to the 72-kDa
parasporal inclusions formed in wild-type B. thuringiensis
subsp. morrisoni isolate PG-14 and are slightly larger in size
(Fig. 5). The inclusions were bar shaped and variable in size
but were in the range of 500 by 300 by 150 nm.
Toxicity. Both the crude bacterial culture and parasporal
inclusions purified from the CG1-1 strain were highly toxic to
fourth-instar C. quinquefasciatus larvae, with LC50s of ca.
549 and 64 ng/ml, respectively (Table 1). In comparison, the
LC50 for purified 72-kDa inclusions from B. thuringiensis
subsp. israelensis was 55 ng/ml. The LC50 of the intact
parasporal inclusion of B. thuringiensis subsp. israelensis
was 3.84 ng/ml when assayed against the same stage and
species.
DISCUSSION
The high levels of the 72-kDa protein obtained with
pHT3101 in B. thuringiensis clearly demonstrate the appli-
cability of using a closely related host and suitable vector as
an expression system. Not only was the level of expression
with this system comparable to that obtained with B. thur-
ingiensis subsp. morrisoni, the host from which the gene was
cloned, but the size and shape of the inclusions were typical
of those produced by this bacterium (Fig. 5) (19, 20). This is
an interesting finding because, in the parasporal body pro-
duced by B. thuringiensis subsp. morrisoni, the 72-kDa
bar-shaped inclusion occurs along with the other inclusions
which contain the 27-, 128-, and 135-kDa proteins. More-
over, each of these inclusions is surrounded by a multilam-
inar envelope. It is possible that the occurrence of the other
inclusions, all of which are apparently formed simulta-
neously with the 72-kDa inclusion, and the presence of the
envelope play some role in the size and shape of the
inclusions formed by the wild-type host. For example, one
might expect larger inclusions or a greater number of them to
occur in the recombinant B. thuringiensis subsp. kurstaki in
the absence of any of the other proteins; however, neither
occurs to any significant extent. The results obtained in the
present study, therefore, indicate that the absolute quantity
of the 72-kDa protein produced and its crystallization to
form a bar-shaped inclusion with more-or-less uniform di-
mensions are probably inherent properties of the cryIVD
gene and CryIVD protein.
It is possible that the 20-kDa product of a gene (1), located
289 bp downstream from the cryIVD gene, could contribute
to the high levels of expression observed in B. thuringiensis
subsp. kurstaki because this gene also occurs on the 5.6-kb
510 CHANG ET AL.
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FIG. 5. Electron micrographs of purified parasporal bodies from naturally occurring and recombinant strains of B. thuringiensis. (a and
b) Parasporal bodies of the PG-14 isolate of B. thuringiensis subsp. morrisoni illustrating the characteristic bar-shaped inclusion (arrows)
which is composed of the 72-kDa CryIVD protein. (c) Parasporal bodies from B. thuringiensis subsp. kurstaki transformed with the shuttle
expression vector pHT3101 carrying the cryIVD gene. Magnification, x29,700.
PstI fragment that was used in transformation. In E. coli,
expression of the gene encoding the 20-kDa protein is
essential for the expression and stability of the 27-kDa
protein of B. thuringiensis subsp. israelensis because of its
protective role against proteolytic cleavage of the 27-kDa
protein or alternatively by providing a matrix for crystalli-
zation of the 27-kDa protein (30).
A similar mechanism of stabilization of the 72-kDa protein
by the 20-kDa protein could occur in B. thuringiensis since it
is synthesized prior to the synthesis of the 72-kDa protein
(data not shown). It has been proposed (1) that genes
encoding the 72-kDa and 20-kDa proteins are part of the
same transcriptional unit. While we have no strong evidence
to dispute this claim, the 20-kDa protein is translated before
the 72-kDa protein.
In E. coli, the 20-kDa protein does not appear to play a
significant role in the production of the 72-kDa protein. Only
low levels of expression of the cryIVD gene in E. coli were
observed. Furthermore, the 72-kDa protein was readily
proteolyzed to 34- to 40-kDa fragments (Fig. 2), suggesting
that the 20-kDa protein does not cause any stabilization of
the 72-kDa protein as was observed with the 27-kDa protein
(30). This low expression level is probably due to two
factors, poor recognition of the cryIVD gene promoter by the
E. coli polymerase(s) and proteolytic cleavage of the 72-kDa
protein soon after it is synthesized. Furthermore, it appears
that the low level of expression in E. coli results because the
polymerase(s) apparently uses the B. thuringiensis promoter
rather than the lacZ promoter as evidenced by a lack in
induction of expression by IPTG.
The similar LC50s obtained for the 72-kDa inclusions
produced naturally by B. thuringiensis subsp. israelensis or
B. thuringiensis subsp. kurstaki by using pHT3101 (Table 1)
show that the inclusions isolated from the wild-type paras-
poral bodies can be relatively pure. However, this example
cannot be extended to other inclusions in the parasporal
body of B. thuringiensis subsp. morrisoni and B. thuringien-
sis subsp. israelensis because these inclusions are much
more tightly bound in the parasporal body by the envelope
than is the 72-kDa inclusion (19, 20). Thus, the prudent way
to determine the toxicity of the other parasporal body
proteins would be to express each cloned gene individually,
and, on the basis of our results, pHT3101 and the acrystal-
liferous B. thuringiensis subsp. kurstaki used here provide a
good expression system for this purpose. If results obtained
with the other genes are comparable to those obtained with
the cryIVD gene, the products can be used for reconstitution
experiments aimed at determining the contribution that
individual proteins make to the toxicity of the parasporal
body of mosquitocidal subspecies of B. thuringiensis.
Although an acrystalliferous strain of B. thuringiensis
subsp. kurstaki was used in this study, it is likely that other
subspecies of B. thuringiensis that can be transformed
should also work well as expression hosts for genes inserted
in pHT3101. In the original description of pHT3101 (23), the
cryIA(a) gene was expressed by using B. thuringiensis
subsp. kurstaki CryB. High levels of expression were ob-
tained, but the size and shape of the inclusions produced, if
any, were not determined. The resemblance of the 72-kDa
inclusions produced by using pHT3101 to those produced by
the natural hosts suggests that this system may also be useful
for producing other B. thuringiensis proteins rather than
using hosts such as E. coli (2, 13, 17, 24, 31-33), B. subtilis
(31, 33), and B. megaterium (7).
ACKNOWLEDGMENTS
This work was supported in part by grants from NIH (ES03298),
the World Health Organization's Research and Training Program in
Tropical Diseases, the University of California Systemwide Bio-
technology Research and Education Program, and the University of
California Mosquito Control Research Program.
REFERENCES
1. Adams, L. F., J. E. Visick, and H. R. Whiteley. 1989. A
20-kilodalton protein is required for efficient production of the
Bacillus thuringiensis subsp. israelensis 27-kilodalton crystal
protein in Escherichia coli. J. Bacteriol. 171:521-530.
VOL. 58, 1992 511
 o
n
 January 14, 2020 at CIRAD
http://aem
.asm
.org/
D
ow
nloaded from
 
512 CHANG ET AL.
2. Bourgouin, C., A. Delecluse, J. Ribier, A. Klier, and G. Rapo-
port. 1988. A Bacillus thuringiensis subsp. israelensis gene
encoding a 125-kilodalton larvicidal polypeptide is associated
with inverted repeat sequences. J. Bacteriol. 170:3575-3583.
3. Cheung, P. Y. K., and B. D. Hammock. 1985. Separation of
three biologically distinct activities from the parasporal crystal
of Bacillus thuringiensis var. israelensis. Curr. Microbiol. 12:
121-126.
4. Chilcott, C. N., and D. J. Ellar. 1988. Comparative toxicity of
Bacillus thuringiensis var. israelensis crystal proteins in vivo
and in vitro. J. Gen. Microbiol. 134:2551-2558.
5. Delecluse, A., C. Bourgouin, A. Klier, and G. Rapoport. 1988.
Specificity of action on mosquito larvae of Bacillus thuringiensis
israelensis toxins encoded by two different genes. Mol. Gen.
Genet. 214:42-47.
6. Delecluse, A., J.-K. Charles, A. Klier, and G. Rapoport. 1991.
Deletion by in vivo recombination shows that the 28-kilodalton
cytolytic polypeptide from Bacillus thuringiensis subsp. israe-
lensis is not essential for mosquitocidal activity. J. Bacteriol.
173:3374-3381.
7. Donovan, W. P., C. Dankocsik, and M. Pearce-Gilbert. 1988.
Molecular characterization of a gene encoding a 72-kilodalton
mosquito-toxic crystal protein from Bacillus thuringiensis
subsp. israelensis. J. Bacteriol. 170:4732-4738.
8. Earp, D. J., and D. J. Ellar. 1987. Bacillus thuringiensis var.
morrisoni strain PG-14: nucleotide sequence of a gene encoding
a 27kDa crystal protein. Nucleic Acids Res. 15:3619.
9. Earp, D. J., E. S. Ward, and D. J. Ellar. 1987. Investigation of
possible homologies between crystal proteins of three mosqui-
tocidal strains of Bacillus thuringiensis. FEMS Microbiol. Lett.
42:195-199.
10. Federici, B. A. F., P. Luthy, and J. E. Ibarra. 1990. The
parasporal body of BTI: structure, protein composition, and
toxicity, p. 16-44. In H. De Barjac and D. Sutherland (ed.),
Bacterial control of mosquitoes and blackflies: biochemistry,
genetics, and applications of Bacillus thuringiensis and Bacillus
sphaericus. Rutgers University Press, New Brunswick, N.J.
11. Frutos, R., C. Chang, S. S. Gill, and B. A. Federici. Nucleotide
sequence of genes encoding a 72-kDa mosquitocidal protein and
an associated 20-kDa protein are highly conserved in subspecies
of Bacillus thuringiensis from Israel and the Philippines. Bio-
chem. Syst. Ecol., in press.
12. Galjart, N. J., N. Sivasubramanian, and B. A. Federici. 1987.
Plasmid location, cloning, and sequence analysis of the gene
encoding a 27.3-kilodalton cytolytic protein from Bacillus thur-
ingiensis subsp. morrisoni (PG-14). Curr. Microbiol. 16:171-
177.
13. Ge, A. Z., N. I. Shivarova, and D. H. Dean. 1989. Location of
the Bombyx mori specificity domain on a Bacillus thuringiensis
f-endotoxin protein. Proc. Natl. Acad. Sci. USA 86:4037-4041.
14. Gill, S. S., J. M. Hornung, J. E. Ibarra, G. J. P. Singh, and B. A.
Federici. 1987. Cytolytic activity and immunological similarity
of the Bacillus thuringiensis subsp. israelensis and Bacilluts
thuringiensis subsp. morrisoni isolate PG-14 toxins. Appl. En-
viron. Microbiol. 53:1251-1256.
15. Guillet, P., D. C. Kurtak, B. Philippon, and R. Meyer. 1990. Use
of Bacillus thuringiensis israelensis for onchocerciasis control
in West Africa, p. 187-201. In H. De Barjac and D. Sutherland
(ed.), Bacterial control of mosquitoes and blackflies: biochem-
istry, genetics, and applications of Bacillus thuringiensis and
Bacillus sphaericus. Rutgers University Press. New Brunswick,
N.J.
16. Haider, M.-Z., and D. J. Ellar. 1986. Characterization of the
toxicity and cytopathic specificity of a cloned Bacillus thuring-
iensis crystal protein using insect cell culture. Mol. Microbiol.
1:59-66.
17. Hofte, H., H. Greve, J. Seurinck, S. Jansens, J. Mahillon, C.
Ampe, J. Vandekerdkhove, H. Vanderbruggen, H. Montagu, M.
Zabeau, and M. Vaeck. 1986. Structural and functional analysis
of a cloned delta endotoxin of Bacillus thuringiensis berliner
1715. Eur. J. Biochem. 161:273-280.
18. Hofte, H., and H. R. Whiteley. 1989. Insecticidal crystal proteins
of Bacillus thuringiensis. Microbiol. Rev. 53:242-255.
19. Ibarra, J. E., and B. A. Federici. 1986. Isolation of a relatively
nontoxic 65-kilodalton inclusion from the parasporal body of
Bacillus thuringiensis subsp. israelensis. J. Bacteriol. 165:257-
533.
20. Ibarra, J. E., and B. A. Federici. 1986. Parasporal bodies of
Bacillus thuringiensis subsp. morrisoni (PG-14) and Bacillus
thuringiensis subsp. israelensis are similar in protein composi-
tion and toxicity. FEMS Microbiol. Lett. 34:79-84.
21. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.
22. Lee, S. G., W. Eckblad, and L. A. Bulla, Jr. 1985. Diversity of
protein inclusion bodies and identification of mosquitocidal
protein in Bacillus thuringiensis subsp. israelensis. Biochem.
Biophys. Res. Commun. 126:953-960.
23. Lereclus, D., S. 0. Arant, J. Chaufaux, and M.-M. Lecadet.
1989. Transformation and expression of a cloned delta-endot-
oxin gene in Bacillus thuringiensis. FEMS Microbiol. Lett.
60:211-217.
24. McLean, K. M., and H. R. Whiteley. 1987. Expression in
Escherichia coli of a cloned crystal protein gene of Bacillus
thuringiensis subsp. israelensis. J. Bacteriol. 169:1017-1023.
25. Mulla, M. S. 1990. Activity, field efficacy and use of Bacillus
thuringiensis israelensis against mosquitoes, p. 134-160. In H.
De Barjac and D. Sutherland (ed.), Bacterial control of mosqui-
toes and blackflies: biochemistry, genetics, and applications of
Bacillus thulringiensis and Bacillus sphaericus. Rutgers Univer-
sity Press, New Brunswick, N.J.
26. Padua, L. E., M. Ohba, and K. Aizawa. 1984. Isolation of a
Bacillus thulingiensis strain (serotype 8a: 8b) highly and selec-
tively toxic against mosquito larvae. J. Invertebr. Pathol. 44:
12-17.
27. Raymond, M. 1985. Presentation d'un programme basic d'anal-
yse log-probit pour micro-ordinateur. Cah. ORSTOM Ser. En-
tomol. Med. Parasitol. 23:117-121.
28. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y.
29. Schurter, W., M. Geiser, and D. Math. 1989. Efficient transfor-
mation of Bacillus thuringiensis and B. cereus via electropora-
tion: transformation of acrystalliferous strains with a cloned
delta-endotoxin gene. Mol. Gen. Genet. 218:177-181.
30. Visick, J. E., and H. R. Whiteley. 1991. Effect of a 20-kilodalton
protein from Bacillus thuringiensis subsp. israelensis on pro-
duction of the CytA protein by Escherichia coli. J. Bacteriol.
173:1748-1756.
31. Ward, E. S., and D. J. Ellar. 1988. Cloning and expression of
two homologous genes of Bacillus thuringiensis subsp. israelen-
sis which encode 130-kilodalton mosquitocidal proteins. J. Bac-
teriol. 170:727-735.
32. Ward, E. S., D. J. Ellar, and C. N. Chilcott. 1988. Single amino
acid changes in the Bacillus thuringiensis var. israelensis delta-
endotoxin affect the toxicity and expression of the protein. J.
Mol. Biol. 202:527-535.
33. Ward, E. S., A. R. Ridley, D. J. Ellar, and J. A. Todd. 1986.
Bacillus thuringiensis var. israelensis delta-endotoxin: cloning
and expression of the toxin in sporogenic and asporogenic
strains of Bacillus subtilis. J. Mol. Biol. 191:13-22.
34. Wu, D., and F. N. Chang. 1985. Synergism in mosquitocidal
activity of 26 and 65 kDa proteins from Bacillus thuringiensis
subsp. isru-elensis crystal. FEBS Lett. 190:232-236.
35. Yu, Y. M., M. Ohba, and K. Aizawa. 1987. Synergistic effects of
the 65- and 25-kilodalton proteins ofBacillus thuringiensis strain
PG-14 (serotype 8A:8B) in mosquito larvicidal activity. J. Gen.
Appl. Microbiol. 33:459-462.
APPL. ENVIRON. MICROBIOL.
 o
n
 January 14, 2020 at CIRAD
http://aem
.asm
.org/
D
ow
nloaded from
 
